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The nucleotide sequence of the Orgyia pseudotsugata multinucleocapsid nuclear polyhedrosis virus (OpMNPV) genome
was completed and analyzed. It is composed of 131,990 bases with a G / C content of 55% and contains 152 putative
genes of 150 nucleotides or greater. Major differences in gene content and arrangement between OpMNPV and the
Autographa californica MNPV were found. These include the presence in OpMNPV of three complete iap gene homologs,
two conotoxin gene homologs, two protein tyrosine phosphatase homologs, and genes encoding homologs of dUTPase and
the large and small subunits of ribonucleotide reductase. Seven major intergenic repeated regions were identified. Five of
these are homologous regions that are related to similar regions from other baculoviruses. q 1997 Academic Press
INTRODUCTION MATERIALS AND METHODS
The Baculoviridae, a diverse family of viruses with Source and cloning of DNA
large double-stranded, circular, DNA genomes, are
pathogenic for invertebrates, particularly insects of the OpMNPV (Hughes and Addison, 1970) was originally
isolated by infection of insects with a partial lethal doseorder Lepidoptera. Several hundred different insect spe-
cies are infected by baculoviruses and viral diversity is (Martignoni, personal communication). The sequences
generated for this project were derived from an overlap-reflected in their host specificity and the pathology of
their infection cycle. The most extensively characterized ping cosmid library previously described (Leisy et al.,
1984). DNA from these cosmids was subcloned intobaculovirus is the Autographa californica multinucleo-
capsid nuclear polyhedrosis virus (AcMNPV). The com- pBluescribe and pBluescript (Stratagene, Inc.). Plasmid
DNA was propagated in Escherichia coli DH5a cells.plete nucleotide sequence of AcMNPV was determined
and has a size of 134 kb, a G / C content of 41%, and
was predicted to encode about 150 proteins (Ayres et Source of published sequence data
al., 1994). In contrast to AcMNPV, other baculoviruses
have genome sizes estimated as low as 90 to over 160 All published DNA sequence data for OpMNPV were
derived from plasmids subcloned from an original set ofkb, with G / C contents of up to 65% depending on
the viral strain (Blissard and Rohrmann, 1990). Therefore, cosmid clones (Leisy et al., 1984). Except for a 10-kb
region from Dr. D. Theilmann’s lab and 1.3 kb from Dr.baculoviruses are a diverse family and AcMNPV may not
be representative of this virus group as a whole. L. Miller’s lab (see below), all published sequences are
from our laboratory. The following are the Genbank num-The Orgyia pseudotsugata MNPV (OpMNPV) is an-
other well-characterized baculovirus and has been ex- bers and references for sequence data used in compiling
the complete OpMNPV sequence: m14883 (Leisy et al.,tensively investigated relative to genome replication (Ah-
rens et al., 1996; Kool et al., 1995) and virion structure 1986b); m24733 (Leisy et al., 1986a); m18367 (Bicknell et
al., 1987); D17353 (Pearson et al., 1993); D45397 (Ahrens(Funk et al., in press; Rohrmann, 1992). Previous compar-
ative sequence analyses of specific regions of the et al., 1995a); D50053 (Ahrens and Rohrmann, 1995a);
d00366 (Gombart et al., 1989a); M21042/M23429 (Blis-OpMNPV genome have shown that there are major differ-
ences in the gene content and organization compared sard et al., 1989); M22446 (Blissard and Rohrmann, 1989);
D00514 (Mu¨ller et al., 1990; Russell and Rohrmann, 1990);to that of AcMNPV (Blissard and Rohrmann, 1990; Gom-
bart et al., 1989a; Theilmann and Stewart, 1992b). In this D13306 (Gross et al., 1993a); D13375 (Russell and Rohr-
mann, 1993b); D13768 (Russell and Rohrmann, 1993a);report we describe the sequence and organization of the
OpMNPV genome and compare it to sequence data from u39145/u39146 (Ahrens and Rohrmann, 1996); m63414
(Theilmann and Stewart, 1991); m83827 (Theilmann andother baculoviruses.
Stewart, 1992a); s64501 (Wu et al., 1993); u44895 (Theil-
mann et al., 1996); l22564 (Birnbaum et al., 1994); U72650;1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (541) 737-0497. E-mail: rohrmann@bcc.orst.edu. (Shippam et al., 1997).
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TABLE 1DNA sequence and analysis
Plasmid templates for sequencing were prepared us- Size and G / C Content of Sequenced Baculorvirus Genomes
ing Qiagen midi columns (Qiagen, Inc.) or by a protocol
Virus Size G / C contentrecommended by Applied Biosystems, Inc. that involved
SDS–alkaline lysis followed by polyethylene glycol pre- OpMNPV 131,990 55%
cipitation. Sequencing reactions were performed using AcMNPV 133,894 41%
the Taq DyeDeoxy Terminator Cycle Sequencing kit (Ap- BmNPV 128,413 40%
plied Biosystems, Inc.) according to the manufacturer’s
protocol, with the exception that the reactions were per-
formed in 5% DMSO and cycled to a higher denaturation
represent blocks of noncontiguous sequence from
temperature (977). A Perkin–Elmer–Cetus Model 480 or
throughout the genome (sources of this data are refer-
Model TC1 thermal cycler was used. Reactions were
enced under Materials and Methods). Completion of
electrophoresed and analyzed on an ABI Model 373A
the sequence involved determining the sequence of an
Automated DNA Sequencer. Primers were designed to
additional 77 kb of DNA. This yielded a contiguous se-
generate overlapping sequences of about 300 nucleo-
quence of 131,990 bases with a G / C content of 55%.
tides in one direction. This sequence information was
Although the size of the genome is similar to that of
then confirmed using primers spaced at about 400–450
AcMNPV and Bombyx mori NPV (BmNPV) (Genbank
nucleotides apart (or closer, where necessary) for se-
l33180), the G / C content of the OpMNPV is signifi-
quencing in the opposite direction. Most sequencing re-
cantly higher (Table 1).
actions were done using plasmid templates. However,
The OpMNPV genome sequence was analyzed for the
where necessary, cosmid templates were used to pro-
presence of open reading frames (ORFs) of 50 amino acids
duce contiguous overlapping data.
or larger that showed minimal overlap with other ORFs.
DNA sequence data was characterized using the GCG
152 putative reading frames were identified and are shown
suite of sequence analysis programs (Devereux et al., 1984)
schematically in Fig. 1. The OpMNPV ORFs are, in general,
and Vector NTI (InforMax, Inc.). Database searches were
tightly packed with minimal intergenic distances and are
carried out using the BLAST protocol (Altschul et al., 1990).
organized without an evident pattern of orientation, and
without clear segregation relative to function or temporalPCR
expression (early or late). Interspersed throughout the ge-One region of the OpMNPV genome (nt 113,000–
nome are eight major repeated sequences. Five of these113,500) was not amenable to conventional plasmid-tem-
are related to one another (called homologous regions—plate sequencing. Primers from either side of this region
hrs), two others appear unique, and one is within a con-yielded readable initial sequence of about 100 bp, but
served ORF. These sequences are discussed in detail be-did not provide further sequence. Exonuclease III dele-
low. The location, orientation, and size of the predictedtions into this region yielded plasmids that we were also
ORFs and the position of the repeated sequences in thenot able to sequence. However, polymerase chain reac-
genome is shown in Fig. 1 and detailed in Table 2.tion (PCR) amplification of the region yielded templates
Of the 152 OpMNPV ORFs examined, 126 had homo-that were amenable to automated sequencing. In addi-
logs in AcMNPV (Table 2) which collectively account fortion, PCR was also used to confirm the size of a highly
about 80% (100 kb) of the genomes. The average aminorepeated region of the genome. PCR was performed ac-
acid identity between homologous ORFs of these twocording to the GeneAmp protocol (Perkin–Elmer, Inc.)
viruses was 56%. The most conserved ORF is polyhedrinusing Amplitaq DNA polymerase in 2 mM MgCl2 . Tem-
(ORF3) (89% amino acid sequence identity) followed byplate DNA (10 ng) was amplified using 20 mm each of
the viral ubiquitin homolog (ORF25) (84%), although thethe 5* and 3* primers. One cycle of 957 for 120 sec was
latter has a 3* extension of 16 amino acids in OpMNPVfollowed by 35 cycles of 60 sec at 957, 60 sec at 607, and
that is not included in this calculation. Other well-con-a final cycle of 7 min at 727. The resulting products were
served ORFs show about 80% identity and include ORF20purified on a 1.5% TAE agarose gel and extracted using
(AcMNPV ORF22); ORF79 (AcMNPV ORF76); vlf-1the QIAquick gel extraction kit (Qiagen, Inc).
(ORF80, AcMNPV ORF77); chitinase (ORF124, AcMNPV
Nucleotide sequence accession number ORF126); cathepsin (ORF125, AcMNPV ORF127); gp64
(ORF126, AcMNPV ORF128); and p74 (ORF134, AcMNPVThe nucleotide sequence data reported in this paper
ORF138). In addition to about 50 ORFs that are not sharedwill appear in the GSDB, DDBJ, EMBL, and NCBI nucleo-
between OpMNPV and AcMNPV (Table 3), several homo-tide sequence databases under the Accession No.
logs showed low levels of amino acid sequence identity,U75930.
such as ORF87, which has 24% identity with AcMNPV
RESULTS AND DISCUSSION ORF85. All the genes required for transient DNA replica-
tion and late gene transcription (Kool et al., 1994; Lu andTo date, the nucleotide sequence of about 55 kb of
the OpMNPV genome has been reported. These data Miller, 1995b) are present in both genomes except the
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FIG. 1. Organization of the OpMNPV genome. The circular OpMNPV genome is shown in a linear format. The numbering of orfs begins at the
protein kinase homolog to facilitate alignment with the AcMNPV genome (See Fig. 2a). Names assigned are referenced in Table 2 or are from
Ayres et al. (1994). The scale is in kb.
10 are bracketed by two hrs (hr1 and hr1a). Since hrsanti-apoptotic genes (OpMNPV iap-3 [ORF35] and
are composed of repeated sequences that contain bothAcMNPV p35 [ORF135]), which are stimulatory in replica-
direct repeats and imperfect palindrome sequences, ho-tion assays (Kool et al., 1994; Ahren and Rohrmann,
mologous recombination involving these sequences1995a), and hcf-1 (see below). In addition, all genes impli-
likely led to the inversion in AcMNPV. The ORF24–38cated as encoding virion structural proteins (Funk et al.,
region lacks hr flanking sequences and the cause of thisin press) are also present in both genomes.
inversion is unclear. There are also three major regions
where insertion (or deletion) has occurred in the twoGenome organization
genomes. These include two insertions in the OpMNPV
The relatedness between many OpMNPV and genome, one of 6.8 kb located between ORF29 and 38
AcMNPV ORFs is also reflected in a similar organization (AcMNPV ORFs 30 and 31) and another of 2.7 kb located
over much of the two genomes (Fig. 2a). However, there between ORFs 146 and 151 (AcMNPV ORFs 148-151)
are several major differences. Two extensive inversions (Fig. 2a). The AcMNPV genome contains a 4.2-kb se-
were detected in comparing the two genomes (Fig. 2a). quence inserted between homologs of OpMNPV ORFs
One involves genes with sequence similarity to AcMNPV 131 and 132 (Fig. 2c). This insert contains p94, p35 (an
ORFs 1–10. The second inversion involves genes with inhibitor of apoptosis), and hr5. The OpMNPV genome
contains 26 ORFs not present in AcMNPV (Table 3). Con-similarity to AcMNPV ORFs 24–38. In AcMNPV, ORFs 1 –
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Major Predicted Genes in OpMNPV1
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TABLE 2—Continued
1 The first column shows the OpMNPV orf number; the second column shows the AcMNPV homolog from Ayres et al., 1994; columns
3 and 5 show the left and right nucleotide coordinates, respectively, on the sequence. The fourth column shows the direction of the orf;
column 6 is the molecular weight of the predicted orf; column 7 shows the number of amino acids in the predicted sequence; column
8 shows the number of amino acids in the AcMNPV homolog; column 9 shows the percent amino acid sequence identity with the
AcMNPV homolog; column 10 indicates whether RNA polymerase II or baculovirus late promoter sequences are located upstream of the
orf (for parameters see below); column 11 is the orf name (homologies not discussed in this report are from Ayres et al., 1994); column
12 is the reference for the OpMNPV sequence.
2 Transcription elements were located using the FINDPATTERNS program from the GCG suite of software. The transcription column (Trans)
indicates which orf ’s have at least one early (E) promoter element (TATA) or an early promoter with a cap site (E-C). The TATA sequence was
designated to be 30-160 nt upstream of an orf and the capsite was designated to be within 25–35 nt downstream of the TATA and have a
CABH sequence (IUB nomenclature) (Bucher, 1990). The late promoter element (L) indicates at least one DTAAG sequence (IUB nomenclature)
within 80 nt upstream of an orf.
versely, AcMNPV contains 28 ORFs not present in have been assigned. The other region, located between
homologs of AcMNPV ORFs 30 and 31, contains eightOpMNPV (Table 3). These unique genes are encoded by
17.655 and 13.74 kb of DNA in AcMNPV and OpMNPV, ORFs (ORFs 30–37) and one homologous region (hr2, see
below) (Fig. 3). Three of the ORFs in this insert (ORFs 33,respectively. Since the homologous ORFs of the two vi-
35, and 36) show no sequence similarity to other ORFs inruses are of similar size, the larger size of the AcMNPV
Genbank. However, the other five ORFs are related togenome (Table 1) is a result of the 4-kb difference in size
genes described from other organisms. Starting at the leftcontributed by the unique genes, compensated somewhat
end of the insert is a conotoxin-like (ctl) gene.by sequences, such as the 1-kb GT repeats (see below)
Two lineages of ctl gene. Conotoxins are small disul-that are unique to OpMNPV. The specific differences in
fide-rich ion channel antagonists isolated from the genusgene content are discussed in more detail below.
Conus (Olivera et al., 1994). A single ctl gene is present
Difference in ORF Content between in AcMNPV (AcMNPV ORF3). In contrast, the OpMNPV
OpMNPV and AcMNPV genome encodes two ORFs (ORFs 30 and 136) with cono-
toxin-like domains that we have called ctl-2 and ctl-1,OpMNPV ORFs that are not present in the AcMNPV
respectively. OpMNPV ctl-1 and ctl-2 share 76 and 51%genome
amino acid identity with the AcMNPV ctl-1 ORF, respec-
Twelve of the 26 genes of OpMNPV lacking homologs tively, and 47% amino acid identity with each other (Fig.
in AcMNPV are present in clusters in two major regions 4). Therefore, they appear to represent two different lin-
of the OpMNPV genome. One set includes ORFs 147– eages of baculovirus ctl genes, with the AcMNPV and
150 (Fig. 2), located between homologs of AcMNPV ORFs OpMNPV ctl-1 genes being members of the same lin-
148 and 151. These ORFs have been described by Wu et eage. Although AcMNPV ctl-1 appears to be processed
to a smaller peptide as are conotoxins, no differences inal. (1993) and Shippam et al. (1997), but no gene functions
AID VY 8448 / 6a2c$$$$$1 02-28-97 16:45:38 viral AP: Virology
387OpMNPV GENOME SEQUENCE
TABLE 3
Unique ORFsa: OpMNPV and AcMNPV
OpMNPV ORFs Size (aa) AcMNPV ORFs Size (aa)
ORF4 63 ORF7 (orf603) 201
ORF5 131 ORF12 217
ORF9 (PTP-2) 160 ORF20 69
ORF28 56 ORF33 182
ORF30 (Ctl-2) 52 ORF39 (p43) 363
ORF31 (dUPTase) 317 ORF45 192
ORF32 (RR1) 593 ORF52 123
ORF33 62 ORF58 57
ORF34 (RR2) 349 ORF63 155
ORF35 (iap-3) 268 ORF69 262
ORF36 228 ORF70 (hcf-1) 290
ORF37 141 ORF84 188
ORF66 60 ORF86 (PNK/PNL) 694
ORF67 79 ORF97 56
ORF68 61 ORF105 (HE65) 553
ORF98 185 ORF112 87
ORF106 (iap-4) 118 ORF113 169
ORF110 94 ORF116 56
ORF113 361 ORF118 157
ORF118 202 ORF121 58
ORF135 250 ORF123 (PK2) 215
ORF143 (hrf-1) 78 ORF134 (p94) 803
ORF147 (opep32) 285 ORF135 (p35) 299
ORF148 (opep25) 236 ORF140 60
ORF149 (p8.9) 75 ORF149 107
ORF150 76 ORF150 99
ORF152 92
ORF154 81
Total 4580 (13.74 kb) 5885 (17.655 kb)
a OpMNPV ORF numbers are from Table 2. AcMNPV ORF numbers are from Ayres et al. (1994).
phosphorylated to produce dATP, dGTP, dCTP, and dUTP.mortality, motility, or weight gain were observed when
However, the production of dUTP can be deleterious be-neonate or late instar Spodoptera frugiperda larvae were
cause it is mutagenic if incorporated into DNA. dUTPaseinfected with an AcMNPV ctl-1 deletion mutant, com-
is a critical enzyme because it converts dUTP to dUMP,pared to infection with wt virus (Eldridge et al., 1992).
thereby excluding dUTP from incorporation into DNA. In
addition, dUMP is a starting nucleotide for the synthesisGenes involved in nucleotide metabolism: dUTPase
of dTTP, which is not directly produced by the ribonucleo-and ribonucleotide reductase
tide reductase pathway (Mathews and van Holde, 1995).
Located adjacent to the ctl-2 and hr2 sequence (Fig. dUTPase. OpMNPV ORF31 is predicted to contain 317
3) are three OpMNPV ORFs lacking in AcMNPV that have amino acids (Fig. 3, Table 2). The C-terminal 128 amino
sequence similarity to proteins involved in nucleotide acids show about 30% sequence identity with a segment
metabolism. These include an ORF with similarity to dUT- of human dUTPase and with a dUTPase derived from a
Pase (ORF31) and two ORFs with sequence similarity to polyprotein encoded by a subset of retroviruses. All the
the large and small subunits of ribonucleotide reductase amino acids thought to comprise the active site of dUT-
(ORFs 32 and 34, respectively). Pase (McGeoch, 1990; Wagaman et al., 1993) are con-
The primary cellular nucleotide biosynthetic pathways served in ORF 31. Although a role for the dUTPase gene
flow into ribonucleotide triphosphate (rNTP) pools. A fea- in OpMNPV infection has not been established, lack of
ture of a number of DNA virus genomes is the presence a functional dUTPase gene is associated with increased
of genes encoding enzymes that allow the virus to convert mutation frequency in feline immunodeficiency virus (Ler-
host cell rNTPs into dNTPs for use in DNA synthesis by ner et al., 1995) and in other lentiviruses. In addition,
the virus. These enzymes are thought to benefit the virus such dUTPase mutations have been shown to delay repli-
because they allow them to replicate in nondividing cells cation in nondividing cells (Turelli et al., 1996). A viral
in which dNTP pathways are inactive. Ribonucleotide re- dUTPase may not play a critical role in all baculovirus
ductase is the first enzyme in this pathway and catalyzes infections, since AcMNPV lacks a dUTPase homolog.
The N-terminal 166 amino acids of ORF31 has 28% iden-the reduction of rNDPs to dNDPs. These dNDPs are then
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FIG. 2. Comparison of genome organization between OpMNPV and AcMNPV. (a) Map of OpMNPV showing the orientation of homologs of AcMNPV
genes. The numbers show the OpMNPV ORFs followed by the AcMNPV (Ac) homologs in parentheses. The arrows indicate the orientation of several
regions of OpMNPV relative to homologous regions in the AcMNPV genome. Rightward arrows show homologous genes colinear with those in the
AcMNPV genome, whereas leftward arrows represent homologous regions in the reverse orientation. (b) Context of repeated sequences in the
OpMNPV genome. OpMNPV ORFs that flank the repeated regions are shown. Selected AcMNPV ORFs are designated as above. (c) Context of
repeated sequences in AcMNPV. The OpMNPV ORF numbers for the homologs bordering the insert between AcMNPV ORFs 133 and 136 are shown
in parentheses. The hr2a sequence at nt position 48679 is from J. Kuzio (personal communication). AcMNPV ORF numbers used in this figure are
from Ayres et al.) (1994). The crosshatched boxes show the location of a series of contiguous ORFs not present in the heterologous virus.
tity to the N-terminus of a 292-amino acid ORF (ORF acids shown to be essential for enzyme activity (Uhlin
and Eklund, 1994) are present in OpMNPV R1. The R26) reported from a baculovirus pathogenic for L. dispar
(Bjornson and Rohrmann, 1992). subunit is even less well-conserved with 10–16% se-
quence identity with other R2 peptides. Although thisRibonucleotide reductase (RR). Contiguous to the dUT-
Pase homolog is a gene (r1) (ORF32) (Fig. 3) with se- level of identity is very low, homology was clustered in
regions where major areas of conservation are presentquence similarity to the large subunit of ribonucleotide
reductase and in close proximity to r1 is a gene (r2) in other R2’s. The R1 gene (but not the R2 gene) has also
been identified in at least two other baculoviruses (E. A.(ORF34) with sequence similarity to the small subunit of
this enzyme. Ribonucleotide reductases fall into three van Strien, personal communication). In contrast to
OpMNPV, the R1 genes from these viruses are muchclasses depending on whether they are composed of
two nonidentical subunits (Class I), monomers (Class II), more closely related (50–60% amino acid identity) to
those from Homo sapiens and vaccinia virus and onlyor homodimers (Class III) (Reichard, 1993). The OpMNPV
ORF32 and ORF34 have the potential to encode a Class distantly related to OpMNPV, HSV, and E. coli R1 (25–
27% identity). Therefore, there appear to be at least twoI enzyme. OpMNPV R1 consists of 593 amino acids,
which is much shorter than other R1 proteins (750–800 different lineages of R1 in baculoviruses.
Studies on HSV-1 with the ribonucleotide reductaseamino acids) and shows only about 25% amino acid se-
quence identity with herpes simplex virus, vaccinia virus, inactivated indicated that RR was not required for growth
in dividing cells, but suggested that it may be importantand Homo sapien R1 and 20% identity with E. coli R1.
Despite this low level of sequence conservation, amino for growth in cells that are not dividing (Goldstein and
FIG. 3. Organization of a major insert in the OpMNPV genome. Numbers above indicate the OpMNPV ORF designations. The AcMNPV (Ac) ORFs
homologous to the OpMNPV ORFs flanking this region are shown on the margins of the map. The numbers below indicate the genome location
of the insert.
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FIG. 4. Alignment of baculovirus conotoxin-like genes. Alignment of the OpMNPV conotoxin-like peptide sequences (OpCTL-1 and OpCTL-2) with
the AcMNPV homolog, AcCTL-1 (Eldridge et al., 1992), and three representative toxins from Conus snails, MVIIC (Hillyard et al., 1992), TXIB (Fainzilber
et al., 1991), and SVIB (Ramilo et al., 1992). The consensus for the mature conotoxin sequence, CX3GX2CX5-6CCX2-4CX3-6C (X, any amino acid), is
shown (Eldridge et al., 1992). Identical amino acids are indicated by white letters within black boxes; similar amino acids are shown within shaded
boxes. Dots ( . ) indicate gaps.
Weller, 1988). In vaccinia virus, deletion of RR greatly and regulates a variety of developmental processes includ-
ing cell proliferation. Protein tyrosine phosphatases specifi-reduces virulence in vivo, but has little effect on replica-
tion in cell culture (Child et al., 1990). Therefore, posses- cally remove phosphates from tyrosine residues and in
concert with protein tyrosine kinases regulate tyrosinesion of the enzyme could benefit OpMNPV during replica-
tion in insects or could allow it to initiate infection in phosphorylation. The OpMNPV genome contains two adja-
cent ORFs, ORFs 9 and 10 (Table 2), that encode proteinsnondividing cells. (For further discussion on the role of
RR, see the Codon Frequency section.) with homology to dual-specificity protein tyrosine phospha-
tases (dsPTPs). Dual-specificity PTPs are enzymes that re-
move phosphates from both serine/threonine and tyrosineOther OpMNPV genes not present in AcMNPV
residues (Wishart et al., 1995). ORF10 (PTP-1) is a homolog
Inhibitor of apoptosis (iap) genes. Flanking R2 is an ORF, of AcMNPV ORF1 (PTP-1) (60% amino acid sequence iden-
ORF35 (Fig. 3) that, although unrelated to the AcMNPV tity), whereas ORF9 (PTP-2) is more distantly related (about
apoptosis inhibitor, p35, is able to block apoptosis in S. 20% identity) to both PTP-1 ORFs. OpMNPV PTP-2 is more
frugiperda cells infected with a p35-minus AcMNPV (Birn- closely related to a vaccinia (VH1) and human (VHR) dsPTP,
baum et al., 1994). In addition to ORF35, OpMNPV encodes with amino acid sequence identities of approximately 27%
three other related genes (ORF41, ORF74, and ORF106). (Fig. 6). However, OpMNPV PTP-1 codes for an altered
ORF35 and its homologs are called inhibitor of apoptosis amino acid in a domain that is essential for PTP activity.
(iap) genes (Crook et al., 1993). AcMNPV contains two iap The dsPTP catalytic loop (HCXXGXXR[S/T]) is found in all
genes, in addition to p35. Following the terminology for three NPV genes, except that in OpMNPV PTP-1 the Cys
AcMNPV (Ayres et al., 1994), we have named these genes has been replaced with Trp, which may render it inactive.
as follows: ORF35 (iap-3), ORF41 (iap-1), and ORF74 (iap- In the mouse system, Gly was found at this position and
2) and an apparently truncated iap-like gene, ORF106 (iap- the protein showed no PTP activity; however, changing the
4). A comparison of the predicted baculovirus IAP ORFs is Gly to Cys resulted in a fully functional enzyme (Wishart et
shown in Fig. 5. The OpMNPV and AcMNPV IAP-1 ORFs al., 1995).
show 62% amino acid sequence identity to each other and Although AcMNPV ptp-1 has been shown to encode
have about 20% identity with IAP-2 and IAP-3. Similarly, the a protein with dsPTPase activity (Hakes et al., 1993; Kim
IAP-2 ORFs show 56% identity with each other and 20% and Weaver, 1993; Sheng and Charbonneau, 1993), dele-
identity with the predicted IAP-1 and and IAP-3 sequences. tion of this gene had no observable effect on the proper-
Although IAP-3 has no close homolog in AcMNPV, it shows ties of AcMNPV infection in S. frugiperda larvae or cul-
56% identity with Cydnia pomonella granulosis virus (CpGV) tured Trichoplusia ni cells (Li and Miller, 1995b). How-
IAP which is also capable of restoring the capacity of p35- ever, infection of S. frugiperda cells resulted in variability
minus AcMNPV to block apoptosis in S. frugiperda cells in the numbers of occlusion bodies produced per cell.
(Crook et al., 1993). Therefore, IAPs can be separated into
three groups. Clearly, IAP-3 represents a lineage not pres- Other selected ORFs
ent in AcMNPV, and AcMNPV has compensated for this
lack with p35. PCNA. A homolog of proliferating cell nuclear antigen
(PCNA) was described in AcMNPV (ORF49) (O’Reilly etThe three full length IAP homologs contain two tandem
baculovirus IAP repeats (BIR) described by Birnbaum et al. al., 1989) and has 45% amino acid sequence identity to
Drosophila melanogaster PCNA. This highly conserved(1994) and a ring finger-like Cys/His motif. The IAP homo-
logs also contain a C-terminal CX2CX10PCXHX3CX2- protein acts as a DNA polymerase processivity factor in
a variety of organisms (Hu¨bscher et al., 1996). AcMNPVCX7CX2C zinc finger-like motif (Fig. 5). The fourth IAP-like
ORF (IAP-4) (Fig. 5) has apparent N- and C-terminal trunca- mutants in which this gene was inactivated were viable,
although both late gene expression (Crawford and Miller,tions, leaving only part of the second BIR-like motif and part
of the zinc finger-like domain intact. 1988) and viral DNA replication (O’Reilly et al., 1989) were
delayed. Inclusion of this gene in transient replicationProtein tyrosine phosphatase homologs. Phosphorylation
of tyrosine residues influences the action of growth factors assays had no observable effect on the levels of DNA
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FIG. 5. Alignment of baculovirus iap-like ORFs. Alignments of four or more identical amino acids are indicated by white letters within black boxes
and four or more similar amino acids are shown within shaded boxes. Dots ( . ) indicate gaps. Amino acid number is indicated on the left. The
sequences were derived from the following: AcMNPV (Ayres et al., 1994); OpMNPV iap-3 (Birnbaum et al., 1994); CpGV (Crook et al., 1993).
replication (Kool et al., 1994). Furthermore, BmNPV, a gaster PCNA and only 30% sequence identity to AcMNPV
PCNA. Since some baculoviruses lack PCNA and in oth-virus closely related to AcMNPV has no PCNA homolog
(S. Maeda, personal communication; Genbank No. ers the PCNA genes are poorly conserved between each
other and show inconsistent relationships to the eukary-L33180). Like AcMNPV, the OpMNPV genome contains
an ORF (ORF53) with sequence similarity to PCNA. How- otic genes, this gene may have a function other than
DNA polymerase processivity in these viruses. One suchever, the OpMNPV PCNA-like sequence is highly diver-
gent, showing only 32% sequence identity to D. melano- possibility would be that the viral PCNA mimics host
FIG. 6. Comparison of selected protein tyrosine phosphatases (PTP). Amino acid comparisons are described in the legend of Fig. 4. The PTPase
catalytic site is underlined. The AcMNPV and human PTP sequences are from Ayres et al. (1994) and Ishibashi et al. (1992), respectively.
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FIG. 7. OpMNPV and BmNPV ORFs related to AcMNPV ORF 2. The maps at the top of the figure show the genome location for the genes related
to AcMNPV ORF2. Below are shown schematic diagrams of the ORFs. AcMNPV ORF2 (Ac2) has two domains; the N-terminal domain is crosshatched,
whereas the C-terminal domain is stippled. Bm22 and Bm81 are related to the N-terminal domain of AcMNPV ORF2 but their C-terminal domains
are unique and identified by the white regions. The relationship of the OpMNPV ORFs to the AcMNPV ORF2 and BmNPV ORF22 and 81 is shown.
PCNA and interacts with and inactivates the host DNA truncated OpMNPV homolog (ORF67) is then continued
in ORF 68. In addition, a remnant of an AcMNPV ORF2replication apparatus. This could serve to focus replica-
tion on the viral genome. homolog appears to remain in a position equivalent to
the relative location of AcMNPV ORF2. This sequenceHomologs of AcMNPV ORF2. A set of ORFs related
to AcMNPV ORF2 show a complex lineage between begins at nt 5501 and encodes a predicted sequence
of 11 amino acids that are identical to AcMNPV ORF2OpMNPV, AcMNPV, and BmNPV. This 328-amino acid
ORF is conserved in both relative location and amino amino acids 213 – 223 (Fig. 7).
ORFs 5, 82, 107, and 143. Homologs of two OpMNPVacid sequence identity (81%) between AcMNPV and
BmNPV. In BmNPV, there are two additional genes ORFs are not found in AcMNPV, but are present in other
organisms. ORF5 is 52% identical in amino acid se-(Bm22 and 81) that are related to only the N-terminal
136 amino acids of ORF2. These latter two ORFs are quence to an ORF found in a similar context in Anticarsia
gemmatalis MNPV (AgMNPV) (Zanotto et al., 1992) and317 and 318 amino acids in length (Bm 22 and 81,
respectively) and have 69% amino acid identity to each ORF143 is 33% identical to a gene from Lymantria dispar
MNPV (LdMNPV) called host range factor 1 (hrf-1) thatother (Fig. 7). In contrast, the OpMNPV ORF2 homolog
(ORF116) is located in an entirely different relative ge- confers upon AcMNPV the ability to replicate in L. dispar
cells (Thiem et al., 1996). However, ORF143 is only 78nome location and is composed of only 88 amino acids
that show 41% amino acid sequence identity to the C- amino acids vs 218 for LdMNPV HRF-1.
OpMNPV ORF107 is 76% identical to its homolog interminal region of AcMNPV ORF2. However, there is
an additional region in OpMNPV that shows sequence BmNPV. Both the OpMNPV and BmNPV genes show
identity to two contiguous ORFs (106 and 107) insimilarity to AcMNPV ORF2. The N-terminus of ORF67
shows sequence similarity to AcMNPV ORF2 between AcMNPV indicative of a frame shift mutation or sequenc-
ing error in AcMNPV.amino acids 105 and 136. The rest of ORF67 and the
entire ORF68 sequence are related to the C-terminal ORF82, which is 65% identical in amino acid sequence
to AcMNPV ORF79 also shows substantial identity (39%)region of BmNPV ORFs 22 and 81. The presence of
homologous sequence in both ORF67 and 68 appears over almost its complete sequence with an 11.3-kDa E.
coli hypothetical ORF (Genbank p45472, submitted by G.to be due to a frame shift in the OpMNPV sequence
near amino acids 205 – 214 in the Bm22/81 genes. The Plunkett).
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AcMNPV ORFs that are not found in OpMNPV speciation could evoke major changes in HSV1 and VZV
processes that are reflected in codon and amino acid
Although most of the 28 ORFs unique to AcMNPV have divergence. These events could include residence in a
not been characterized, information is available for sev- new host species or cell type; replication at different
eral including hcf-1, pk2, ORF86, p94, and p35. AcMNPV times or in different cell types; or novel interactions with
ORF70 (also called host cell-specific factor 1, hcf-1) has host factors. In addition, major differences in G / C
been shown to be required for transient expression of content could reduce the competition for nucleotides by
late and very late promoters in Trichoplusia ni cells (Lu closely related viruses that coinfect the same host or
and Miller, 1995a). Lack of this gene in OpMNPV may replicate simultaneously in the same cell (Schachtel et
indicate that this virus does not naturally replicate in al., 1991). OpMNPV was originally isolated as a mixture
insects similar to T. ni. Also absent in OpMNPV is a with OpSNPV, a virus with 44% G / C (Rohrmann et al.,
homolog of AcMNPV ORF86 which has sequence similar- 1978). In addition, recent evidence suggests that T4
ity to T4 RNA ligase and T4 polynucleotide kinase. A phage ribonucleotide reductase has a bias in its ability
homolog of AcMNPV ORF123 (PK2) which has sequence to reduce rNDPs that reflects the phage G / C content
similarity with protein kinase is also lacking in OpMNPV. (Hendricks and Mathews, 1997). Orgyia pseudotsugata,
When pk2 is deleted from the AcMNPV genome, no ef- the host insect, has a G / C content of 36% (Rohrmann
fects were observed in cultured cells or in bioassays in et al., 1978). Because of its low G / C content, the host
larvae (Li and Miller, 1995a). Deletion of AcMNPV cell ribonucleotide reductase could have a bias toward
ORF134 (p94) restores oral infectivity of p35-minus virus dATP and dUTP production. Therefore, it may be to the
to wt levels in S. frugiperda larvae (Clem et al., 1994). advantage of viruses with higher G / C contents to alter
ORF 135 encodes the inhibitor of apoptosis, p35 (Clem the composition of dNTPs by providing their own dNTP
et al., 1991) and was discussed above. synthetic enzymes.
Codon Frequency Late Promoter Elements
A distinctive feature of baculovirus late gene expres-The G / C contents of the genomes of OpMNPV and
sion is a late promoter element that serves as both theAcMNPV differ markedly (55 vs 41%, respectively). The
promoter and mRNA start site (Possee and Howard,higher G / C content of the OpMNPV genome is re-
1987; Rankin et al., 1988; Rohrmann, 1986). The baculovi-flected both in the codon usage as well as the amino
rus late promoter sequence consists of DTAAG, whereacid frequency. The most frequently used codons in the
D is any nucleotide except C. The small size of thispredicted OpMNPV ORFs all end in G or C and include
sequence suggests that it could be found at high fre-GAC (Asp), GCG (Ala), AAC (Asn), GTG (Val), CGC(Arg),
quency within the genome and could complicate viraland CTG (Leu) (Table 4). Overall, the percentage of co-
late gene expression by causing spurious initiation ofdons which have a G or C in the third position is above
transcription. However, the TAAG sequence is found only75% for 17 of the 25 codon sets (Table 4). For OpMNPV
302 times in the OpMNPV genome, compared to an ex-ORFs, codon sets which have more than one possible
pected 430 TAAG’s if the sequence is random and if thecodon showed an average of 25% more codons with G
G / C content of 55% is taken into account. If the entireor C in the third position than AcMNPV. Furthermore, the
5-nt sequence is considered, ATAAG and TTAAG arefirst and second positions of the codon, which specify
found nearly at random (94 and 108% of the expectedthe amino acid for most codons, also varied between
levels, respectively), whereas the GTAAG and especiallyAcMNPV and OpMNPV. In OpMNPV, nearly an equal
CTAAG sequences were found at much lower than ex-percentage of codons had exclusively G’s and C’s in the
pected levels (59 and 28%, respectively). In the AcMNPVfirst and second positions of the codon compared to
genome, the CTAAG is also found at much below randomthose with only A’s and T’s (24% G and C vs 29% A and T).
levels (39%) compared to the A/G/T TAAG sequences (allIn contrast, the AcMNPV predicted codons had a much
near 60% of the expected frequency when corrected forstronger bias for A’s and T’s in both of these positions
G / C content). Apparently there is a selection againstcompared to G’s and C’s (40% A and T vs 16% G and C).
C residues in the first position of the late promoter. Sixty-This is reflected in a higher number A/T-rich codons
four of the OpMNPV ORFs have a late promoter elementspecifying Asn, Ile, and Lys residues in AcMNPV-pre-
within 80 nt of their predicted ATG initiation codon (Tabledicted ORFs compared to those of OpMNPV, which have
2). Although this distance likely underestimates the num-a greater number of G/C-rich codons specifying Ala, Gly,
ber of active late promoters, those within this distanceand Arg residues. A similar relationship has been found
may have a high probability of being active.between two alphaherpesviruses, herpes simplex virus
I (HSV1) (68% G / C), and varicella zoster virus (VZV) Repeated Regions
(46% G / C) (Schachtel et al., 1991). Both the percentage
Homologous regionsG / C at codon position 3 and amino acid usage was
found to reflect the G / C content of these viruses. It A novel feature of many baculovirus genomes is the
presence of homologous regions (hrs) that are locatedwas suggested that various selective events following
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TABLE 4
Codon Usage of the 152 Selected OpMNPV ORFs
AcNPV AcNPV
aa CDN No. %a S3 % G/Cb S3 % G/C aa CDN No. % S3 % G/C S3 % G/C
Ala GCA 303 8 Leu CTA 257 10
GCC 1371 36 CTC 509 20
GCG 1890 50 CTG 1491 60
GCT 209 6 86 61 CTT 248 10 80 56
Arg AGA 102 35 Leu TTA 206 16
AGG 189 65 65 28 TTG 1103 84 84 63
Arg CGA 185 8 Lys AAA 1022 52
CGC 1502 64 AAG 945 48 48 25
CGG 493 21 Met ATG 971 100 100 100
CGT 165 7 85 53 Phe TTC 547 29
Asn AAC 1821 83 TTT 1311 71 29 22
AAT 368 17 83 56 Pro CCA 181 10
Asp GAC 2027 86 CCC 668 37
GAT 343 14 86 57 CCG 868 48
Cys TGC 820 81 CCT 78 4 85 61
TGT 190 19 81 52 Ser AGC 897 84
End TAA 81 68 AGT 173 16 84 61
TAG 38 32 32 13 Ser TCA 106 9
End TGA 33 100 0 0 TCC 342 29
Gln CAA 703 46 TCG 603 52
CAG 810 54 54 30 TCT 118 10 81 55
Glu GAA 775 40 Thr ACA 268 12
GAG 1185 60 60 30 ACC 730 34
Gly GGA 100 6 ACG 1010 47
GGC 1222 70 ACT 158 7 81 56
GGG 295 17 Trp TGG 331 100 100 100
GGT 119 7 87 58 Tyr TAC 1207 79
His CAC 856 85 TAT 322 21 79 55
CAT 155 15 85 56 Val GTA 201 7
Ile ATA 283 17 GTC 628 21
ATC 631 39 GTG 1738 59
ATT 711 44 39 22 GTT 401 14 80 57
a Percentage of codons for a given codon set.
b Percentage C or G at codon site 3.
throughout the genome (Ayres et al., 1994; Cochran and a 500-bp region. OpMNPV hrs contain 30-bp imperfect
Faulkner, 1983; Garcia-Maruniak et al., 1996; Theilmann palindromes embedded in a 66-bp repeat. The consen-
and Stewart, 1992b; Xie et al., 1995). Hrs are composed sus palindrome sequence (Fig. 9a) shows 24/30 palin-
of repeated sequences encompassing both direct repeats drome matches. This is similar to the 26/30 matches
and imperfect palindromic sequences and have closely for the AcMNPV palindrome consensus (Fig. 9b). The
related counterparts elsewhere in the genome. The sequences located in the direct repeat that form the pal-
AcMNPV hrs are the most well-characterized and are lo- indrome flanking sequences are similar in size (21 nt
cated in nine regions of the genome (Fig. 2c). Each hr upstream and 15 nt downstream) (Fig. 9) to the corre-
contains one to nine 30-bp imperfect palindromes within sponding AcMNPV sequences (22 nt upstream and 20
a directly repeated sequence (Ayres et al., 1994; J. Kuzio, nt downstream) (Kool et al., 1995). However, the lengths
personal communication). In both AcMNPV and OpMNPV, of the sequences separating the direct repeats which
hrs can act as enhancers of RNA polymerase II-mediated are highly variable in AcMNPV (0–131 nt) are not present
transcription (Guarino and Summers, 1986; Theilmann and in the OpMNPV sequences. The OpMNPV palindrome
Stewart, 1992b) and also behave as origins of DNA repli- consensus sequence was 57% identical to the AcMNPV
cation in transient replication assays (Ahrens et al., 1995b; consensus sequence (Fig. 9c). Sequences related to
Kool et al., 1995; Pearson et al., 1992). AcMNPV and OpMNPV hrs have also been reported from
Choristoneura fumiferana MNPV (Xie et al., 1995) andFive homologous regions (hr 1–5) which varied from
AgMNPV (Garcia-Maruniak et al., 1996). The LdMNPV2–10 repeats were identified in the OpMNPV genome
genome has homologous regions that are highly repeti-(Fig. 8). Some of the regions show very high sequence
similarity. For example, hr4 is 93% identical to hr1 over tive and contain small palindromic sequences, but do
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FIG. 8. OpMNPV homologous regions. The hr designations head each sequence. The number in parentheses indicates the number of repeats
in the hr. If the sequence was reversed for this figure, it is indicated by ‘‘rev.’’ The genome position is indicated at the beginning and end of each
sequence. The underlined region is the 30-bp imperfect palindrome. A dash indicates a gap inserted to facilitate the palindrome sequence.
not appear to be closely related to the hrs discussed be no similar region in AcMNPV. Substantial stretches
of this sequence contain high concentrations of GT resi-above (Pearson and Rohrmann, 1995).
dues with one region being composed of 180 nt of a
I-R repeat dinucleotide (GT) repeat. Other combinations of GT-rich
repeats were also present. The region was difficult toThe OpMNPV genome contains a repeated sequence
sequence because of frequent recombination, which ledof about 500 bp that spans the Hind I-R junction (nt
to differences in sequence data from different clones.
21,914–22,427). This sequence called the I-R repeat is
The resulting sequence represents a consensus of a
composed of 17 repeats of a 29- to 30-bp sequence and
number of different clones using both exonuclease III
appears to be unrelated to the hr sequences. Surpris-
deletions and synthetic primers. Two nucleotides re-
ingly, the I-R repeat appears to be located in a similar
mained ambiguous. The approximate size of this region
ORF context as BmNPV hr2-R (Fig. 10c, see below).
was shown to be correct using PCR to amplify the region
from both genomic and cosmid DNA. Similar sequencesGT repeat
of GT repeats have been characterized in other organ-
A second non-hr repeat of 950 bp is located between isms, e.g., Drosophila virilis (Tautz and Renz, 1984) and
Caenorhabditis elegans (Wilson et al., 1994).HpaI sites at nt 106,506 and 107,472. There appears to
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this sequence is conserved within the AcMNPV homolog
(AcMNPV ORF91), it may be important for encoding a
protein sequence rather than serving as a regulatory re-
gion, as do the hr sequences.
Genome context of repeated sequences
In order to examine conservation of the genomic context
of hrs, their locations relative to homologous ORFs between
OpMNPV and AcMNPV ORFs were examined (Figs. 2b and
2c). The clearest example of conservation of context is hr3,
which is located between ORFs 83 and 84 in AcMNPV (Fig.
10a). Homologs of AcMNPV ORF 83 also flank the left of
hr3 in BmNPV (BmNPV ORF69) and OpMNPV (OpMNPV
ORF86). The ORFs on the right margin differ between theFIG. 9. Comparison of OpMNPV and AcMNPV hr palindrome consensus
viruses, but the differences are due to the deletion of ORFs.sequences. (a) The OpMNPV hr palindrome consensus sequence. The
asterisks below the sequence are nucleotides that contribute to the palin- AcMNPV hr3 is flanked on the right by ORF84. However,
drome. (b) The AcMNPV hr consensus sequence. (c) A comparison of the OpMNPV lacks an ORF84 homolog and therefore hr3 is
OpMNPV and AcMNPV hr consensus sequences. The colons indicate flanked by OpMNPV ORF87 (a homolog of AcMNPV
identity; the dash indicates a gap inserted to facilitate the alignment. The
ORF85). Similarly, BmNPV lacks homologs to AcMNPVconsensus sequence is based on a nt being present with a frequency of
ORFs 84–86 and therefore hr3 is flanked by the BmNPV70% or more at a given position. If no single nt had a 70% frequency,
additional nts are indicated that together are present at 70% or more of ORF 70, which is an AcMNPV ORF 87 homolog.
these positions. The conservation of location of other hrs is not as
clear as hr3, but several appear to be in similar relative
ORF92 repeat
locations. In AcMNPV, hr1 is located between ORFs 154
and 1 and ORF hr1a is located downstream of ORF10A G-C-rich repeat is located within OpMNPV ORF92
that encodes repeats rich in Pro, Ser, and Thr. Since (Fig. 10b). Homologs of AcMNPV ORFs 152 and 154 are
FIG. 10. Relative location of several repeated sequences. (a) Location of hr3 in AcMNPV, BmNPV, and OpMNPV. (b) Location of hr1 in AcMNPV
and OpMNPV. (c) Location of the OpMNPV I-R repeat and hr2. Crosshatched rectangles indicate genes unique to OpMNPV. The common name
or the AcMNPV ORF number are indicated in parentheses after the viral ORF number.
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not present in OpMNPV. OpMNPV ORFs 1–10 and ORF sors than the other viruses. Other differences were also
present in several related groups of genes, including151 are reversed relative to AcMNPV and there is a major
insertion to the left of ORF151 in OpMNPV. Therefore, the presence of two conotoxin-like genes, two protein
tyrosine phosphatase-like genes, and several ORFs re-hr1 is located directly upstream of OpMNPV ORF152
(AcMNPV ORF153), whereas in AcMNPV hr1 is down- lated to AcMNPV ORF2. Furthermore, the identification
of three complete iap-like genes in OpMNPV suggestsstream of ORF154.
In AcMNPV, hr5 is located to the right of the p94-p35 that the inability of iap-1 and iap-2 to prevent apoptosis
in AcMNPV-infected S. frugiperda cells may be due to(ORF 135-136) insert (Fig. 2c), whereas in OpMNPV, hr5 is
located three ORFs downstream, flanking ORF134 (p74; the fact that they are not members of the iap-3 group.
The high degree of diversity among the pcna homologsAcMNPV ORF138 homolog) (Fig. 2b). OpMNPV hr4 is
located between ORF123 and ORF124 (Fig. 2b), which was also unexpected. The role of pcna in baculovirus
replication remains to be elucidated. Normally, this geneare AcMNPV ORF 125 and 126 homologs, respectively.
This is near the position of AcMNVP hr4c, which lies is highly conserved and the observation that the AcMNPV
pcna is more closely related to Drosophila pcna thanbetween ORFs 120 and 121.
The most complex relationship involves the location to the OpMNPV homolog suggests that this gene has
diverged from its normal evolutionary pattern. The relat-of hr2. OpMNPV hr2 is located in a series of genes with
no homologs in AcMNPV but is located in a similar ge- edness in both location and nt sequence of the homolo-
gous regions suggests that they may perform vital func-nome position to AcMNPV hr2 (Fig. 2). Furthermore, the
whole region encompassing OpMNPV ORFs 22–44 is tions in the baculovirus life cycle. Although they have
been implicated as both transcriptional enhancers andreversed relative to AcMNPV ORFs 24–38 (Fig. 2a).
BmNPV hr2-R and the OpMNPV non-hr I-R repeat are viral replication origins, they are highly specific and are
not replicated by the heterologous virus (Ahrens et al.,located in a similar context, both lying to the left of the
AcMNPV ORF34 homolog (Fig. 10c). Therefore, between 1995b; Pearson et al., 1993). Therefore, they appear to
have a high degree of specificity in their interactions withOpMNPV and BmNPV, the position of a repeat is similar,
but the sequence of the repeat does not appear to be viral replication factors. The apparent conservation of the
genome context of hr sequences could also suggest thatconserved.
In conclusion, the relative position of hr3 appears to either genome spacing or a relationship with specific
ORFs is important for their function. Although the se-be conserved between AcMNPV and OpMNPV. The posi-
tion of several other hrs is close, but not identical be- quence of OpMNPV has contributed to our understand-
ing of baculovirus diversity, other baculoviruses havetween the two viruses. Major rearrangements, insertions,
and deletions relative to AcMNPV were detected near much larger genomes and therefore, it is likely that fur-
ther characterization of baculovirus genomes will pointall the OpMNPV hrs. In one instance, a repeated se-
quence (the I-R repeat) apparently unrelated to an hr is toward other strategies employed in the life cycles by
members of this very diverse virus family.located close to the position of an AcMNPV hr. Because
of their sequence similarity, it is likely that OpMNPV and
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